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ABSTRACT 

We  demonstrate  reduced  graphene  oxide  as  the  active  material  for  high-performance  molecular  sensors.  Sensors  are  fabricated  from  exfoliated 
graphene  oxide  platelets  that  are  deposited  to  form  an  ultrathin  continuous  network.  These  graphene  oxide  networks  are  tunably  reduced 
toward  graphene  by  varying  the  exposure  time  to  a  hydrazine  hydrate  vapor.  The  conductance  change  of  the  networks  upon  exposure  to  trace 
levels  of  vapor  is  measured  as  a  function  of  the  chemical  reduction.  The  level  of  reduction  affects  both  the  sensitivity  and  the  level  of  Mf 
noise.  The  sensors  are  capable  of  detecting  10  s  exposures  to  simulants  of  the  three  main  classes  of  chemical-warfare  agents  and  an  explosive 
at  parts-per-billion  concentrations. 


Molecular  detection  using  fullerene  nanomaterials— i.e.,  sp^- 
bonded  carbon  structures  of  single  atomic  layer  thickness— is 
a  promising  area  of  nanotechnology.  Fullerenes  are  relatively 
inexpensive,  thermally  and  chemically  stable,  come  in  a 
variety  of  different  geometries  (spheres,  tubes,  and  sheets), 
can  be  grown  and  processed  with  high  precision,  and  are 
generally  process-compatible  with  conventional  microlitho- 
graphic  techniques.  Moreover,  because  every  atom  in  a 
fullerene  is  a  surface  atom,  electron  transport  through  these 
materials  can  be  highly  sensitive  to  adsorbed  molecules.  This 
phenomenon  has  subsequently  enabled  the  fabrication  of 
sorption-based  sensors  capable  of  detecting  trace  levels  of 
vapor  using  conventional  low-power  electronics. 

To  date,  the  most  successful  such  efforts  are  built  upon 
single-walled  carbon  nanotubes  (SWNTs),  where  the  sensing 
transduction  mechanism  is  based  upon  changes  in  conduc¬ 
tance'’^  (due  to  charge  transfer  or  mobility  change)  or 
capacitance^  (from  intrinsic  or  induced  dipole  moments) 
when  a  molecular  species  interacts  with  the  SWNT  sidewalls. 
Though  exact  details  of  the  interaction  chemistry  remain 
elusive,  it  is  clear  that  molecular  interactions  with  defect  sites 
in  SWNT  sidewalls  can  dominate  their  electrical  response,'' 
that  the  interactions  of  a  molecule  with  a  sp^-bonded  carbon 
site  differ  dramatically  from  those  with  a  high-energy  defect 
site,  and  that  controlling  the  defect  density  can  enhance 
sensor  sensitivity  and  specificity.''  However,  the  optimal 
defect  density  will  balance  the  gains  in  sensitivity  against 
the  rapid  degradation  in  conductivity  due  to  the  defects.  In 
this  regard  graphene  oxide  (GO)— a  graphene  sheet  decorated 
with  oxygen  functional  groups^— is  an  ideal  material  for 
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balancing  these  effects  because  it  contains  a  diverse  range 
of  surface  sites  whose  density  is  easily  controlled. 

Here  we  report  the  fabrication  and  characterization  of 
molecular  sensors  based  on  reduced  graphene  oxide  thin- 
film  networks.  Graphene  oxide  is  a  chemically  modified 
graphene®  confaining  oxygen  functional  groups  such  as 
epoxides,  alcohols,  and  carboxylic  acids,^  and  chemical 
analysis  shows  the  carbon  to  oxygen  ratio  to  be  ap¬ 
proximately  three  to  one.*  Recently,  GO  has  received  a  great 
deal  of  attention  because  it  readily  exfoliates  as  single  sheets 
in  water  and,  from  these  solutions,  it  is  straightforward  to 
produce  continuous  films. This  affords  GO  a  distinct 
advantage  over  fullerenes  which  are  typically  deposited  as 
films  by  use  of  high  temperatures  and  vapor  transport  and 
should  allow  the  use  of  plastic  substrates  or  other  temper¬ 
ature-sensitive  processes. 

In  its  as-oxidized  state  the  numerous  oxygen  functional 
groups  of  GO  render  it  too  electrically  insulating  for  use  as 
a  conductance-based  sensor;  however,  chemical  reduction 
using  hydrazine  hydrate  vapor  can  restore  the  conductivity 
several  orders  of  magnitude®  by  removal  of  oxygen  and 
recovery  of  aromatic  double-bonded  carbons.  Even  so,  this 
process  does  not  repair  the  material  to  pure  graphene— at 
least  some  oxygen  groups  remain  after  long  exposures  to 
hydrazine.  Thus,  reduced  graphene  oxide  (rGO)  is  both 
conductive  and  has  chemically  active  defect  sites  making  it 
a  promising  candidate  for  the  active  material  in  molecular 
sensors.  Here  we  show  this  material  readily  allows  the 
detection  of  chemical  agents  in  the  parts-per-billion  range 
with  significantly  reduced  noise  levels  over  carbon  nanotube- 
based  sensors. 
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Figure  1.  (a)  Optical  microscope  (OM)  image  (20  x)  showing  a  uniform  graphite  oxide  film  on  a  250  nm  Si02/Si  substrate  that  was 
deposited  via  spin-casting.  A  scratch  has  been  made  across  the  sample  to  reveal  a  slight  color  contrast  between  the  uniform  film  averaging 
2  nm  and  the  substrate,  (b)  Atomic  force  microscopy  (AFM)  image  showing  the  film  is  composed  of  single  overlapping  GO  platelets. 
Platelet  thickness  is  quantized  at  ~1  nm.  (c)  AFM  image  showing  the  boundary  of  a  GO  film  after  photolithographically  processing  devices 
from  the  film  (z  =  6  nm,  scale  bar  =  1  /rm).  (d)  OM  image  showing  an  electrically  isolated  GO  device  with  interdigitated  Ti/Au  contacts. 


Forming  these  ultrathin  GO  thin  films  requires  a  few 
simple  steps.  First,  GO  powder  is  created  using  the  widely 
reported  Flummers^^  method.  This  powder  is  resuspended 
in  a  solution  of  methanol  and  water,  centrifuged  to  remove 
large  residual  particles,  and  then  cast  onto  a  thermally 
oxidized  Si  substrate  spinning  at  4000  rpm  with  nitrogen 
simultaneously  blown  over  the  sample  to  increase  solvent 
evaporation.  Film  thickness  is  controlled  by  varying  either 
the  concentration  of  GO  platelets  in  solution  (0.5  mg/mL  to 
3.0  mg/mL),  or  the  volume  of  solution  during  spin¬ 
casting— typically  50— 100  /aL  deposited  onto  a  25  x  25  mm^ 
substrate  for  the  thinnest  continuous  films.  This  technique 
results  in  large-area,  continuous  films  absent  of  nanometer 
scale  wrinkling  found  in  other  GO  deposition  procedures^' 
(Figure  lb,c).  Before  additional  processing  the  GO  films  are 
heated  in  argon  to  150  °C  for  15  min  to  remove  residual 
solvent  and  water.  Standard  photolithography  is  then  used 
to  create  interdigitated  arrays  of  Ti/Au  electrodes  with  finger 
spacings  ranging  between  10  and  340  /rm  (Figure  Id). 
Processed  samples  are  subsequently  reduced  back  toward 
graphene  by  exposure  to  a  hydrazine  hydrate  vapor  up  to 
24  h  while  being  heated  to  100  °C. 

To  test  the  sensor  response  of  these  reduced  graphene 
oxide  devices  we  exposed  them  to  5  s  pulses  of  dilute  acetone 
vapor  in  air  while  simultaneously  measuring  the  relative 
change  in  electrical  conductance  (AG/Go).  We  note  that 
the  response  observed  for  acetone  is  typical  of  most  of  the 
vapors  we  have  tested.  Figure  2a  shows  a  comparison  of 
the  real-time  conductance  response  of  a  GO  device  reduced 
for  1 7  h  in  hydrazine  vapor  to  the  conductance  response  of 
a  SWNT  network  device*"*  of  similar  total  area  to  increasing 
concentrations  of  acetone  vapor.  Analysis  of  the  curves  in 
Figure  2a  can  be  broken  into  two  parts— the  “rapid”  (steep 
slope)  and  “slow”  (shallow  slope)  response.  The  rapid 
response  arises  from  molecular  adsorption  onto  low-energy 
binding  sites,  such  as  sp^-bonded  carbon,  and  the  slow 
response  arises  from  molecular  interactions  with  higher- 
energy  binding  sites,  such  as  vacancies,  structural  defects, 
and  oxygen  functional  groups.  Adsorption  on  sp^-bonded 
carbon  occurs  through  weak  dispersive  forces,  while  at  a 
defect  such  as  a  carboxylic  acid  group  single-  and  double¬ 
hydrogen  bonding  allows  binding  energies  of  at  least  several 
hundred  meV/molecule.*  As  is  evident  from  Figure  2a,  the 


Figure  2.  (a)  Real-time  conductance  response  to  5  s  acetone  pulses 
of  increasing  concentration  for  a  SWNT  network  sensor  (light  green) 
and  a  rGO  network  sensor  (blue).  Arrows  on  the  plot  mark  the 
first  two  of  ten  pulses,  which  increase  in  concentration  from  PlPo 
=  0.025%  to  PlPo  =  1%,  where  Pa  is  the  vapor  pressure  of  acetone. 
Inset:  close-up  of  the  fifth  pulse  highlighting  the  “rapid”  and  “slow” 
response  of  the  rGO  device,  (b)  Plot  of  the  normalized  conductance 
response  to  5  s  pulses  of  acetone  for  GO  devices  reduced  with 
hydrazine  for  3,  6,  18,  and  24  h.  With  increasing  reduction  time 
the  fast  response  increases  while  the  slow  response  decreases. 

rapid  response  is  recoverable,  whereas  the  slow  response  is 
generally  nonrecoverable  without  moderate  heating,  and  leads 
to  integration  of  the  conductance  signal. 

The  striking  difference  between  the  rapid  and  slow 
response  of  the  SWNT  and  rGO  device  is  perhaps  not 
surprising  because  the  intrinsic  concentration  of  oxygen 
defects  on  SWNTs  is  quite  low.  On  the  other  hand,  the  almost 
one-to-one  ratio  between  the  rapid  and  slow  response  of  the 
rGO  devices  is  a  direct  reflection  of  the  remnant  high-energy 
adsorption  sites  after  incomplete  reduction.  Because  oxygen 
defects  can  play  a  dominant  role  in  the  sensor  characteristics 
of  SWNTs,  we  expect  oxygen  defect  density  to  heavily 
influence  the  conductance  response  of  the  rGO  material  as 
well.  To  systematically  study  this,  we  expose  GO  devices 
to  hydrazine  hydrate  vapor  for  different  times,  thereby 
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Figure  3.  (a)  Noise  density  spectrum  for  SWNT  and  rGO  devices. 
The  top  (light  orange)  curve  shows  the  low-frequency  noise 
response  of  a  SWNT  sensor  which  follows  a  well-known  \lf 
behavior  below  10  Hz.  The  blue  (lower)  curves  show  the  noise 
response  of  a  2  and  4  nm  rGO  sensor.  Depending  on  rGO  film 
thickness,  the  noise  response  can  be  tuned  (shaded  area)  to  the 
thermal  noise  limit  of  the  instrumentation,  shown  by  the  solid  red 
curve,  (b)  Conductance  response  (AG/Go)  of  a  SWNT  and  rGO 
device  to  30  s  pulses  of  0.5  ppb  DNT  (dinitrotoluene).  Anows  mark 
the  end  of  each  30  s  pulse,  (c)  Plot  of  noise  density  at  1  Hz  vs 
hydrazine  reduction  time  for  GO  films  with  the  same  thickness. 
The  red  line  marks  the  thermal  noise  limit. 

changing  the  oxygen  defect  density.  Figure  2b  shows 
normalized  responses  to  acetone  for  GO  devices  reduced  at 
different  intervals.  A  clear  trend  is  observed  in  the 
response— with  increasing  reduction  time  the  rapid  response 
increases  and  the  slow  response  decreases.  This  is  consistent 
with  the  fact  that  the  number  of  sp^-bonded  carbon  sites 
increases  while  at  the  same  time  the  higher-energy  adsorption 
sites  (i.e.,  oxygen  functional  groups)  decrease. 

To  date,  the  temporal  evolution  of  GO  chemistry  during 
hydrazine  reduction  remains  vague.  After  long  exposures  the 
oxygen  to  carbon  ratio  is  reduced  from  approximately  1:3 
to  1:10.  In  these  samples  it  has  also  been  found  that  ~25% 


of  the  rGO  carbons  remain  functionalized.*  Reaction  mech¬ 
anisms®  and  FT-IR  measurements'®  suggest  carboxyl  groups 
make  up  the  largest  portion  of  these  unreduced  groups, 
though  epoxides  and  alcohols  are  undoubtedly  present  as 
well.  From  the  data  shown  in  Figure  2b  we  can  only  make 
general  statements  about  surface  chemistry  due  to  the  range 
in  remnant  oxygen  functional  group  types,  as  well  as  density. 
It  is  clear,  however,  that  hydrazine  reduction  is  a  knob  with 
which  to  tune  the  sensing  response  of  GO-based  devices. 
Further  experiments  are  underway  to  deconvolute  the  affect 
of  specific  oxygen  functional  groups  on  the  conductance 
response  of  sp^  carbon-based  sensors. 

When  chemical  sensor  performance  is  considered,  there 
are  two  important  parameters.  As  discussed  above,  one  of 
these  parameters  is  the  sensitivity  of  the  conductance 
response  to  molecular  adsorbates.  The  second  significant 
consideration  is  the  low-frequency  noise,  which  is  generally 
dominated  by  1// noise.  The  1// noise  arises  from  fluctuations 
in  carrier  mobility'®  or  carrier  density'®  and  is  ubiquitous  in 
solid-state  devices.'*  In  the  case  of  SWNTs  such  fluctuations 
can  arise  from  trapped  charges  in  the  oxide'®  '®  or  the 
presence  of  defects  within  individual  tubes.  Interestingly,  it 
was  recently  shown'®  that  Hf  noise  in  bilayer  graphene  is 
strongly  suppressed  compared  to  nanotubes  even  in  the 
presence  of  similar  oxides.  An  effective  screening  of  charge 
fluctuations  from  external  impurity  charges  is  identified  as 
the  root  of  this  difference. 

Such  screening  could  explain  the  10—100  fold  reduction 
in  1// noise  in  our  rGO  sensors  over  SWNT-based  sensors, 
as  shown  in  Figure  3a.  This  figure  compares  the  low- 
frequency  noise  density  spectrum  of  a  SWNT  device  and 
two  rGO  devices  and  reveals  that  the  noise  level  in  rGO 
devices  strongly  decreases  with  increasing  film  thickness. 
The  shaded  region  of  Figure  3  a  shows  the  noise  variation  as 
film  thickness  is  varied  from  an  average  of  2  to  4  nm.  Films 
over  4  nm  consistently  show  noise  response  at  the  thermal 
noise  limit  of  the  experimental  setup.  The  increase  in  charge 
carrier  number  from  a  2  nm  to  a  4  nm  film  would  not  be 
expected  to  decrease  the  noise  10-fold  and  suggests  that 
impurity  charge  screening  is  further  reducing  1//' noise.  Figure 
3b  demonstrates  the  important  role  of  noise  reduction  by 
comparing  the  responses  of  SWNT  and  rGO  devices  to  0.5 
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Figure  4.  (a)  Response  of  a  rGO  sensor  to  decreasing  levels  of  hydrogen  cyanide  (HCN).  (b)  Comparison  of  the  minimum  detectable  level 
(MDL)  for  a  SWNT  network  sensor  and  a  rGO  network  sensor  to  10  s  pulses  of  HCN,  CEES,®''  DMMP,®"'  and  DNT,  as  well  as  the  targeted 
response  to  live  agents  according  to  specifications  for  the  JCAD  detector^®  and  exposure  limits  provided  by  the  CDC.®®  For  the  CDC 
exposure  limits,  the  IDLH  values  are  defined  as  a  concentration  that  for  up  to  30  min  does  not  cause  death,  serious  or  irreversible  health 
effects,  or  does  not  impair  or  impede  the  ability  to  escape.  The  TLV  values  are  defined  as  a  concentration  a  worker  can  be  exposed  day 
after  day  for  a  working  lifetime  without  adverse  health  effects. 
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ppb  2,4-dinitrotoluene  (DNT),  a  simulant  for  the  explosive 
TNT.  The  lower  noise  levels  in  the  rGO  device  lead  to  a 
notable  increase  in  signal-to-noise  ratio. 

The  extent  of  chemical  reduction  also  affects  low- 
frequency  noise.  Films  exposed  to  hydrazine  vapor  for  longer 
times  show  reduced  1// noise,  as  revealed  in  Figure  3c.  (Note 
that  this  trend  is  also  observed  for  the  curves  shown  in  Figure 
2b).  As  the  GO  material  is  reduced  back  toward  graphene 
there  is  a  large  increase  in  film  conductivity.  In  turn  this 
leads  to  a  reduction  in  noise  levels  of  rGO  devices. 

The  benchmark  for  chemical  sensors  is  the  minimal 
detectable  level  (MDL),  which  comprises  both  the  sensor 
response  due  to  adsorption  and  the  device  noise  level.  For 
SWNT  sensors  the  lowest  MDLs  are  reahzed  in  a  capacitance- 
based  measurement  mode^**  due  to  reduced  1//  noise. 
Therefore,  we  use  the  SWNT  capacitance  response  MDLs 
as  a  basis  of  comparison  here.  Figure  4b  compares  the  MDLs 
achieved  for  capacitance-hased  SWNT  sensors^"*  and  con¬ 
ductance-based  rGO  sensors  to  10  s  exposures^'  to  simulants 
of  an  explosive  and  the  three  main  classes  of  chemical 
warfare  agents— blood,  blister,  and  nerve  agents.  In  addition, 
we  also  compare  the  target  specifications  of  a  portable 
detector  for  military  applications,  called  The  Joint  Chemical 
Agent  Detector  (JCAD),^^  as  well  as  exposure  limits  set  by 
the  Center  for  Disease  Control  (CDC).^^ 

Figure  4a  shows  the  normalized  response  AG/Go  of  an 
rGO  device  to  10  s  doses  of  increasing  concentration  of 
hydrogen  cyanide  (HCN)  in  nitrogen.  The  MDL  is  defined 
here  as  that  concentration  of  vapor  which  gives  rise  to  a 
change  in  conductance  AG  that  is  exactly  three  standard 
deviations  from  Go  (i.e.,  a  signal-to-noise  ratio  of  three). 
Assuming  a  linear  response  function,  we  find  the  MDL  is 
70  ppb.  For  SWNTs  we  are  unable  to  detect  HCN  at  the 
highest  concentration  tested  (4000  ppb)  in  our  experimental 
setup.  For  other  simulants  such  as  CEES^^  and  DNT  we  find 
comparable  MDLs  between  rGO  conductance-based  and 
SWNT  capacitance-based  detection,  whereas  the  MDL  for 
DMMP^^  is  an  order  of  magnitude  lower  for  SWNT  sensors 
(Figure  4b).  We  note  these  results  highlight  how  different 
classes  of  molecules  can  distinctly  interact  with  different 
surface  sites— HCN  weakly  interacts  with  nominally  pristine 
sp^-bonded  nanotubes  while  strongly  interacting  with  remnant 
defects  in  rGO;  the  reverse  is  true  for  organophosphates  (i.e., 
DMMP),  and  the  responses  to  aromatics  and  alkane  deriva¬ 
tives  are  similar  (i.e.,  DNT  and  CEES,  respectively).  Thus, 
these  two  carbon-based  nanomaterials  can  provide  compli¬ 
mentary  capabilities  of  chemical  agent  detection  and  further 
stress  the  importance  of  tailoring  surface  chemistry  to 
enhance  sensitivity.  Identification  of  specific  oxygen  func¬ 
tional  groups  that  interact  strongly  with  each  simulant  should 
allow  even  lower  MDLs  for  rGO-based  sensors. 

In  conclusion,  we  have  demonstrated  reduced  graphene 
oxide  as  a  promising  active  material  for  molecular  sensors. 


Reduced  graphene  oxide  devices  readily  achieve  sensitivities 
at  parts-per-billion  levels  for  both  chemical  warfare  agents 
and  explosives.  The  response  and  recovery  characteristics 
of  the  conductance  response  can  be  tailored  by  adjusting  the 
reduction  process.  Moreover,  the  low-frequency  noise  of 
graphene  oxide  devices  is  sensitive  to  both  hydrazine  hydrate 
exposure  time,  as  well  as  film  thickness,  and  is  orders  of 
magnitude  lower  than  SWNT-based  sensors.  Finally,  the 
relatively  large  number  of  chemically  active  oxygen  defects 
affords  the  possibility  of  covalent  chemical  functionalization 
for  increased  chemical  or  biological  selectivity. 
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